Abstract: An integrated life-cycle assessment and life-cycle cost analysis model was developed and applied to enhance the sustainability of concrete bridge infrastructure. The objective of this model is to compare alternative bridge deck designs from a sustainability perspective that accounts for total life-cycle costs including agency, user, and environmental costs. A conventional concrete bridge deck and an alternative engineered cementitious composite link slab design are examined. Despite higher initial costs and greater materialrelated environmental impacts on a per mass basis, the link slab design results in lower life-cycle costs and reduced environmental impacts when evaluated over the entire life cycle. Traffic delay caused by construction comprises 91% of total costs for both designs. Costs to the funding agency comprise less than 3% of total costs, and environmental costs are less than 0.5%. These results show life-cycle modeling is an important decision-making tool since initial costs and agency costs are not illustrative of total life-cycle costs. Additionally, accounting for construction-related traffic delay is vital to assessing the total economic cost and environmental impact of infrastructure design decisions.
Introduction
Concrete pavements and structures such as bridges are fundamental components of our transportation network, and thus also fundamental to economic vitality and personal mobility. Yet, the American Society of Civil Engineers estimates that the poor conditions of United States roads cost users $117.2 billion in added operating costs and time lost in traffic delay annually ͑ASCE 2005͒. Poor roadway conditions persist despite economic and material investment in highways and roads of approximately $64.6 billion and 260 million metric tons of concrete annually in the United States ͑FHWA 2002; Kelly 1998͒ . The most recent highway bill signed into law, the Safe, Accountable, Flexible, Efficient Transportation Equity Act: A Legacy for Users ͑SAFETEA-LU͒, authorizes $25.2 billion for interstate maintenance alone through the year 2009, and $21.6 billion for preventive maintenance and improvements on highway bridges through 2009 ͑FHWA 2005͒.
The magnitude of investment demonstrated by these allocations underscores the need to approach road building and repair from a new perspective-long term and preventive, rather than short term and corrective. Life-cycle assessment ͑LCA͒ and life-cycle cost analysis ͑LCCA͒ methodologies provide the means for this kind of evaluation.
An integrated LCA and LCCA model ͑LCA-LCCA͒ was developed to provide a holistic assessment of the economic costs of concrete infrastructure applications, in this case a highway bridge deck. LCA is a framework designed to evaluate the environmental performance of a product or process throughout its life cycle, including raw material acquisition, production, use, final disposal or recycling, and the transportation needed between these phases ͑ISO 1997͒. Often, LCA elucidates unseen environmental and social burdens incurred over a product or system's lifetime. By quantifying environmental and social burdens, the LCA model provides the data necessary for comprehensive LCCA. The LCA model was developed prior to integration with the LCCA model. Its methods and results are described in Keoleian et al. ͑2005͒ .
Like the LCA model, the LCCA model analyzes the costs associated with all phases of an infrastructure application throughout its life cycle. LCCAs vary in scope and depth, accounting for different kinds of costs and benefits. For example, LCCA may account only for agency costs, which are the costs incurred by the funding agency; it may account for user costs in addition to agency costs, such as costs incurred by motorists who are delayed or detoured by construction related traffic; and LCCA, more rarely, may include environmental costs, such as the pollution damage costs associated with construction processes.
According to a study conducted on behalf of the New Jersey Department of Transportation ͑DOT͒, only 12.5% of state DOTs apply any sort of LCCA on bridges ͑Ozbay et al. 2003͒ . However, LCCA could prove extremely useful in bridge applications because bridges require significant capital investment but also con-siderable investment for maintenance and rehabilitation during the bridge's service life.
Other studies have developed life-cycle costing methods for roads, highways, and highway infrastructure. Ehlen identified life-cycle costs for polymer-reinforced concrete bridges that include agency and user costs ͑driver delay, vehicle operating, and vehicle accident costs͒ and third party costs ͑Ehlen 1999͒. Ehlen classified third party costs as the upstream environmental costs associated with construction materials ͑pollution from mining, processing, and transportation͒ and the downstream environmental costs related to construction activities such as runoff. While Ehlen noted the increasing importance of third party costs, they were not quantified and environmental impacts from construction related traffic delay were not identified either.
In addition to LCCA studies like Ehlen's, there has been a considerable effort to model the expected maintenance costs of civil infrastructure. Frangopol and others have done extensive work to optimize bridge maintenance costs using reliability-based optimization methods to predict and reduce life-cycle costs for bridges. These analyses examine and optimize agency costs, and generally neglect user, third party, and environmental considerations ͑Enright and Frangopol 1999; Estes and Frangopol 2001; van Noortwijk and Frangopol 2004͒ . Despite neglecting nonagency costs, these studies develop valuable methods for predicting and optimizing maintenance and rehabilitation schedules. Maintenance and rehabilitation schedules are extremely important in LCCAs since they determine the number and timing of construction events that drive life-cycle cost results.
There is also existing software for applying LCCA to bridges, namely BLCCA, created by the National Cooperative Highway . Both BLCCA and BridgeLCC provide user and agency cost calculations. In addition, BridgeLCC allows the software user to enter third party cost parameters, and BLCCA includes vulnerability costs, which are the expected costs associated with extreme events, such as earthquakes or explosions, that are unlikely but possibly disastrous. Both software programs have uncertainty modeling capabilities. Some limitations and weaknesses noted by the FHWA include a complex user interface and limited uncertainty models for BLCCA, and for BridgeLCC, a lack of details in the cost output and the opinion that BridgeLCC does not reflect "realistic bridge-related experience."
Other models have also been developed for LCCA of pavements, rather than bridges, such as RealCost, developed by the FHWA Office of Asset Management. This program accounts for user and agency costs and allows for both deterministic and probabilistic output ͑FHWA 2004b͒. None of these software tools were specifically designed for bridge deck decision making, but all are useful points of reference to understand previous measures that computerized and automated LCCA for road and highway infrastructure.
The objective of this research was to create a model that was highly tailorable, where new materials, new designs, and multiple bridge deck sites could be modeled. Input variables include component materials, material durability, and the bridge deck repair and rehabilitation schedule. In addition, traffic parameters, fuel economy improvements, and roadway and construction work zone characteristics can be manipulated and are integrated with the traffic model. The emissions model and fuel economy model can be updated to replicate the climate characteristics and regional fleet characteristics for the location of the bridge deck under evaluation. Moreover, the integrated LCA-LCCA model developed here is unique in its capacity to calculate life-cycle user, environmental, and agency costs, including the upstream burdens of material and fuel production. This ability to quantify upstream burdens and environmental and user costs is an additional capability not available in other models.
Model Description
LCA-LCCA model development began with the LCA model. Within the LCA model, a life-cycle inventory ͑LCI͒ is performed. A LCI evaluates the inputs and outputs of the system under consideration by examining each phase of the system's life cycle. The life-cycle phases include material production, consisting of the acquisition and processing of raw materials; distribution, which accounts for transport of materials and equipment to and from the construction site; construction and rehabilitation of the bridge deck, including all construction processes and construction related congestion effects; use of the bridge deck, which models vehicular travel over the bridge during its service life; and finally end of life, which assesses demolition of the bridge deck, transportation of the material to a landfill or recycling facility, and processing of the materials. LCI datasets for each input are required. A LCI dataset provides the life-cycle information for a given material or energy source. For example, the LCI dataset for cement provides the total primary energy needed to produce a unit of cement. Total primary energy includes the energy required for extraction, refining, and production of the energy source. The dataset also quantifies nonfuel material inputs, such as the mass of limestone required, and all the inputs and outputs required to extract and process these raw materials. The sources for these datasets may be found in Keoleian et al. ͑2005͒ .
The LCA modeling required integration of three additional models: a vehicle emissions model, MOBILE6 developed by the U.S. Environmental Protection Agency ͑EPA͒; a construction equipment model, NONROAD, also developed by the EPA; and a traffic flow model developed at the University of Kentucky ͑Ken- The LCCA model, whose methods were first developed by Chandler, but enhanced in this model, was integrated with the LCA model ͑Chandler 2004͒. The LCCA model uses some of the same modeling parameters and user inputs to the LCA model, such as the bridge deck system specifications, material specifications, traffic flow rate, and the construction timeline. The LCCA model also uses some of the results of the LCA model to calculate environmental and user costs. The cost model requires inputs for pollution damage costs, the value of lost time to personal and commercial vehicles delayed in traffic, costs of agency construction activities, and discount rates for environmental, user, and agency costs. Fig. 1 shows the integrated model framework.
System Definition
The LCA-LCCA model was applied to a highway overpass bridge deck, and two alternative designs that could be used to construct it. The first design uses conventional mechanical steel expansion joints, and the second design applies engineered cementitious composite ͑ECC͒ link slabs in place of conventional expansion joints. ECC is an advanced cement-based material that has the advantages of concrete such as great compressive strength, but also is capable of ductile behavior like a metal. ECC is considered more durable than conventional concrete and the link slab design is expected to eliminate key failure modes associated with the conventional expansion joint design. Thus, the ECC link slab design is expected to increase the life of the bridge deck and reduce the number of repairs necessary over the bridge deck life ͑Li et al.
The bridge examined in this application was modeled after an overpass in southeast Michigan at the intersection of two highways, M-14 and US-23. During nonconstruction periods the bridge has two lanes with one-way average annual daily traffic flow ͑AADT͒ of 35,000 vehicles with no annual growth rate. The structure is 0.16 km ͑0.1 mi͒ long and contains eight expansion joints in the case of the conventional design, and eight link slabs in the ECC link slab design. Fig. 2 depicts the two bridge deck joint designs evaluated in this study. The bridge substructure is assumed to be 30 years old and is undergoing its first deck replacement at the beginning of this analysis. The time horizon for the analysis is 60 years. At the end of 60 years the bridge substructure will be 90 years old and is expected to need replacement.
The study evaluates three repair processes performed on the deck; bridge deck replacement, shallow overlay, and pothole filling. The repair and maintenance schedules, shown in Fig. 3 , reflect the assumption that only these three repair and reconstruction activities take place for both systems. This timeline is a simplification of all possible repair processes that could be undertaken, and excludes some maintenance activities. The conventional deck design requires another deck replacement after 30 years, but the ECC link slab deck design is expected to last twice as long, meeting the bridge's remaining 60 years of life.
The timeline shown in Fig. 3 illustrates a doubling of bridge deck life, 20 rather than 15 year intervals for deck overlays, and a doubling in time between pothole patching events for the ECC system compared to the conventional system. A doubling of deck life for the ECC system significantly influences modeling results. However, as noted before, the link slab design eliminates key failure modes initiated at the expansion joint in the conventional design. A key failure mode associated with the expansion joint is caused by degradation of the joint's seal, a strip of rubber sandwiched between the two sides of the steel expansion joint. When the seal deteriorates, water and salts creep into the joint and initiate corrosion on the reinforcing bar, which eventually causes cracking and potholes on the surface of the deck. By eliminating this failure mode, the link slab design extends the life of the bridge deck and deck surface.
Research supports this doubling of bridge deck life when the ECC link slab system is treated as a jointless bridge. Jointless bridges are designed with no expansion joints or similar mechanisms such as link slabs, and like the link slab design, eliminate the expansion joint failure mode. A study in New York concluded that jointless bridges remained in acceptable conditions about twice as long as comparable jointed bridges ͑Yanev and Chen 1993͒.
Key Cost Parameters

Agency Costs
Agency costs were provided by a Michigan construction company that requested to remain anonymous. Table 1 shows the cost breakdown for the three construction activities modeled. These costs reflect material cost assumptions of $130.80/m 3 ͑$100/ yd 3 ͒ for conventional concrete and $329.99/m 3 ͑$250/ yd 3 ͒ for ECC. This ECC cost is the expected cost once the material is more widely used and mass produced; the cost of this material upon introduction would be higher.
Environmental Costs
In this study pollution damage costs were used to characterize environmental costs. These costs are calculated for key pollutants including six of the seven criteria pollutants specified by the EPA, and three primary greenhouse gases ͑GHGs͒. The criteria pollutant costs were derived from Banzhaf and colleagues, except for the cost of volatile organic compounds ͑VOCs͒ which was provided by Matthews and Lave ͑Banzhaf et al. 1996; Matthews and Lave 2000͒ . The GHG costs were adapted from Tol's value of $60 per metric ton ͑t͒ of carbon ͑Tol 1999͒.
The Banzhaf study estimated damage costs from Midwestern coal-fired electric power plants. While the regional aspects of this study are well suited to this application, it represents cost estimates from point sources, not mobile sources, and a significant portion of the criteria pollutants generated over the bridge deck life cycle comes from mobile vehicle sources. In general vehicle emissions emitted at ground level rather than from an elevated stack result in increased exposure for humans and thus greater damage to health, so the costs estimated by Banzhaf can be considered conservative for this LCCA application ͑Lai and Thatcher 2000͒. Pollutant damage costs from Banzhaf et al. 1996 are based on "morbidity health values, mortality risks, and ͓willingness to pay͔ to avoid mortality risks" ͑Banzhaf et al. 1996͒.
The VOC damage cost, taken from Matthews and Lave, is based on a mean value from five studies on social damage costs for VOCs. Matthews and Lave emphasize the most important effects of pollution are human health effects, but do not specify the basis for VOC damage cost estimates of each source used in the average.
Tol's marginal cost of carbon is based on results from the climate framework for uncertainty, negotiation and distribution ͑FUND͒ model. FUND integrates social factors such as population distribution, technology, and economics with climate modeling ͑The Research Unit for Sustainability and Global Change Universität Hamburg 1999͒. The marginal cost of carbon as a GHG is developed based on a cost benefit and cost effectiveness analysis of different possible climate and emissions scenarios. Costs resulting from climate change, such as the economic impacts of sea level rise and the migration of affected populations, as well as human health impacts such as increased exposure to tropical diseases like malaria, and heat and cold stress, are evaluated and weighed against the costs of emissions reductions ͑Tol et al. 2003͒ .
The marginal cost of carbon must be converted to apply to the GHGs evaluated in this study, which include carbon dioxide ͑CO 2 ͒, methane ͑CH 4 ͒, and nitrous oxide ͑N 2 O͒. Each of these gases has a different global warming potential reflecting the degree to which they trap heat in the earth's atmosphere, with the baseline defined by the effects of CO 2 . The cost per metric ton of carbon can be converted to cost per metric ton CO 2 ͑$ / tCO 2 ͒ by multiplying by a factor of 44/12, the ratio of the molecular weights of CO 2 and carbon. CH 4 , and N 2 O have global warming potentials of 23 and 296, respectively, so these factors then multiply the cost of CO 2 for their cost per metric ton ͑Joos and McFarland 2001͒. Table 2 shows the pollution damage cost estimates used in the LCCA model for each pollutant. In all cases, pollutant damage costs were adjusted to 2003 United States dollars.
Pollution damage costs are difficult to calculate, and all have a significant amount of uncertainty associated with them. Those pollutants that contribute to global warming pose perhaps even more difficulties for cost estimation. In order to address the uncertainty in pollution damage costs, Monte Carlo simulation was performed on pollution costs.
User Costs
User costs consist of three types; traffic delay, increased risk of traffic crashes, and increased vehicle operating costs due to con- Increased traffic crashes related to construction work zones and increased distance traveled when detours are used to avoid construction zones also contribute to user costs. Data for work zone accidents in the state of Michigan were used to calculate the increased cost for users in construction work zones due to a higher risk of fatality and injury compared to roadway use when no construction zone is in place ͑Michigan Department of State Police 1994-2001; Michigan Department of Transportation 2002͒. The result is an estimated $0.08 per vehicle kilometer traveled ͑VKT͒ ͓$0.13 per vehicle mile traveled ͑VMT͔͒ in the construction zone and a $0.06 increased cost per additional VKT ͑$0.09 increased cost per additional VMT͒ traveled when a detour is taken. These calculations assume that the relative risk of crashes is proportional to the distance traveled through a work zone versus distance traveled on typical roadway with no construction.
The last element of user cost is based on increased vehicle operating costs when a construction work zone is in place. Vehicles delayed in construction related traffic have higher fuel consumption and thus higher fuel costs compared to normal flow conditions. If vehicles avoid congestion by detouring, they travel further than those that stay on the highway and also have increased fuel consumption. Increased fuel consumption in the work zone is estimated based on the difference in fleet average fuel economy between highway fuel economy and city fuel economy for passenger vehicles and heavy duty trucks 
Discount Rate
The discount rate used in this model is based on values recommended by the United States Office of Management and Budget ͑OMB͒ and is estimated at a real discount rate of 4% for user and agency costs ͑Office of Management and Budget 2005͒. Some goods, typically including environmental goods, may be discounted at a different rate than private market transactions due to a concern that society is underinvesting in these goods ͑Gramlich 1990͒. Pollution damage costs here are subject to a variation of exponential discounting, a sliding discount rate that accounts for the immediate, near, and medium future. This scale was developed by Weitzman, who conducted a survey of over 2,000 leading economists and created the following method: for the immediate future, Years 1-5, a 4% discount rate is used; for the near future, Years 6-25, a 3% discount rate is used; and for the medium future, Years 26-75, a 2% discount rate is used ͑Weitzman 2001͒. The reason for a sliding scale is that, given the significant uncertainty in environmental impacts and their costs, appropriate rates of return on capital many years into the future are unknown ͑Weitzman 1998͒.
The selection of a discount rate can be a topic of controversy in LCCA, since there are no hard and fast rules regarding discount rate selection. In the system evaluated here, since costs are incurred over a 60-year service life, the selection of a discount rate significantly influences results. While the OMB discount rates are considered to be a reasonable assumption of discount rates for public infrastructure investment, opinions vary on what discount rate should be applied. Because of this uncertainty, sensitivity analysis was performed on discount rate selection.
Results
Life-Cycle Cost Results
The results for life-cycle costs, shown in Table 3 , demonstrate that overall the ECC link slab system has a cost advantage over the conventional system in all categories assessed. These costs are based on the 60-year service schedule for construction events shown in Fig. 3 .
The repair and rehabilitation timeline drives the results shown above. Despite higher initial costs for the ECC system, shown in Table 1 for bridge deck replacement costs, the more frequent repair and replacement rates for the conventional system mean that over time the conventional system accumulates costs that exceed ECC system costs.
User costs overwhelmingly dominate total life-cycle costs, which are made up of agency, user, and environmental costs. Environmental costs are notably small compared with agency and user costs. Of these user costs, time lost to vehicles delayed in construction related traffic account for 94% of all user costs and 91% of total life-cycle costs in both cases. Essentially, the magnitude of the cost results is driven by parameters for traffic and traffic modeling. For example, on a road with lower traffic vol- umes but similar capacity, the agency and environmental costs are expected to have more influence on results. Backup at a work zone is caused by traffic volumes exceeding the construction zone capacity. Thus, if traffic volume is lower, construction events would be less likely to cause congestion and user costs would drop significantly. In all cases, user costs refer only to traffic impacts as they differ from nonconstruction traffic conditions. Because of the dominance of traffic related costs on results, sensitivity analysis was run on AADT, a key parameter in determining traffic congestion. Fig. 4 shows the total life-cycle cost results, as well as the cost of vehicle delay, as one-way AADT varies from 25,000 to 35,000 ͑one-way traffic͒ with no annual growth rate. The figure shows a dramatic increase in total life-cycle costs, driven by the cost of vehicle delay, between AADT values of 30,000 and 35,000. This suggests that user costs may vary greatly from one project to the next, and collecting accurate AADT data and accurately assessing road capacity can be particularly important on stretches of road where capacity loss during construction causes excessive delays, as in the 35,000 AADT case. DOTs may want to spend more time and effort on managing traffic by providing the public with information far in advance and providing sufficient opportunities for motorists to detour or plan trips differently if delays are imminent. Reducing the number and duration of repair and rehabilitation events would also be important for reducing traffic delay impacts.
Sensitivity to AADT Variations
Sensitivity to Discount Rate Selection
As mentioned previously, selecting a discount rate in LCCA can be a polemic issue. Moreover, the results of an LCCA, especially for long-lived systems such as public infrastructure, can vary greatly based on the selection of a discount rate. Because bridge management is funded by government agencies, using the OMB's estimates for the discount rate is a reasonable method of approximation. However, even the OMB's estimates have varied greatly over the last 2 decades. For this reason, the LCCA was run at discount rates from 0 to 10%. While the ECC bridge deck system has a cost advantage in the base case scenario, and all lower discount rate values, the two systems become equal in total lifecycle costs at about 7.2%, and at higher discount rates the conventional system gains a cost advantage over the ECC system.
The better cost performance of the conventional system at higher discount rates can be explained by the construction schedule. For the initial construction process, the ECC system performs poorly compared with the conventional system. However, as time goes on, the conventional system requires more frequent repair activities. The cost of these future repair activities are greatly affected by the discount rate. For example the agency cost of a conventional bridge deck replacement, scheduled to take place in Year 30, is $385,963. When discounted at 4% the present value of the cost of the bridge replacement today is approximately $124,000, when discounted at 7.2% the cost is $51,000, and when discounted at 10% the present value falls to $24,000. So, despite the more frequent repairs needed in the conventional system, as the discount rate grows these repairs become less significant and total costs are dominated by the costs incurred in the first year. In this sensitivity analysis environmental costs are discounted in the same manner ͑no sliding scale of discount rate͒ and at the same rate as all other costs. Fig. 5 shows the agency, user, and environmental life-cycle costs. The conventional system initially costs 59% more than the ECC system at a 0% discount rate, but with a 10% discount rate the conventional system costs less than the ECC system by 9%. The break even discount rate for total life-cycle costs, where both systems cost approximately $16,500,000, is 7.2%. The ECC sys- tem environmental cost advantage at a constant 4% discount rate is only 10%, notably different from the 21% cost advantage shown in Table 3 where a sliding scale for discounting is applied. Despite the change in environmental cost advantage, the effect of the discount rate change on ECC system total life-cycle cost advantage is less than 1%.
Pollution Damage Costs
Pollution damage costs are small compared to the agency and user cost results. However, only air pollution damage costs were included in these results, while the damage costs of water pollution and runoff were not. Fig. 6 shows the environmental damage costs for the two bridge deck systems, broken down by the different air pollutants analyzed in this LCCA.
CO 2 and VOCs dominate the total pollution damage costs. For the conventional system, CO 2 accounts for 76% of total emissions cost. Seventy nine percent of the CO 2 emissions result from fossil fuel combustion in the traffic phase, about 20% from the materials phase, and only 1% from all other phases combined. The contribution of GHGs other than CO 2 amount to less than 1% of total environmental costs and only slightly more than 1% of total GHG costs, despite their higher global warming potentials. The ECC system has similar results. CO 2 accounts for 69% of all emissions cost, where 83% of the emissions result from the traffic phase, 16% from the materials phase, and only 1% from all other lifecycle phases. For VOCs, the costs are even more dependent on traffic phase results; nearly 100% in the conventional case and 99% in the ECC.
Monte Carlo Simulation Applied to Pollution Damage Costs
LCCA, especially of long lived systems, is subject to inherent uncertainty. Much of this uncertainty is simply because of difficulty in predicting exactly what events and conditions will exist in the future. While most parameters in this model are subject to a degree of uncertainty, the uncertainty for damage costs of pollutants, especially GHGs, is high. This is primarily a result of the complexity of the science and economics behind climate change issues. For example, which types of costs are examined, how far into the future the cost of pollution is assessed, and which climate models are used all affect the magnitude of damage costs. Due to the uncertainty in damage cost estimates, Monte Carlo simulation was used to develop a range of costs for pollution damage over the service life of the bridge.
Monte Carlo simulation requires that each variable, in this case pollution damage costs, be defined by a probability distribution. Table 4 shows the probability distributions used in the Monte Carlo simulation for all of the assessed pollutants.
For criteria pollutant costs, a uniform distribution defined by the range in costs provided in their source articles was used. In all cases, damage costs for urban fringe areas were used when possible. In Banzhaf et al. ͑1996͒ the damage cost ranges represent the 90% confidence interval created in that study's Monte Carlo simulation. Despite large ranges, the damage costs are quite conservative compared to estimates for mobile source emissions. For example, in a study by Delucchi, the estimated lower bound for PM 10 costs is $9,750/t, still higher than the upper bound in the costs reported by Banzhaf et al. 1996 ͑Delucchi 1998͒. Consequently, the environmental cost estimated in this analysis is likely a conservative estimate.
GHG costs for this study were calculated using Tol's 1999 value of 60 $/tC. Tol did not include a range of uncertainty for this estimate. In a 2005 study, Tol performed a review of previous estimates for the marginal cost of CO 2 , and provided central estimates from each source, along with other factors such as author weights, whether the study was subjected to peer review, the time horizon of the study, etc. ͑Tol 2005͒. For this analysis, the central estimates from all peer reviewed sources were taken, unweighted, and a best fit curve created within Crystal Ball, the software used to perform the Monte Carlo simulation ͑Decisioneering 2004͒.
Results from the Monte Carlo simulation are based on a trial of 2,000 runs, and costs were discounted using Weitzman's sliding scale of discount rates. Table 5 shows a summary of results from the simulation for the ECC and conventional system. Not surprisingly, results for total environmental costs were highly correlated with the cost of greenhouse gas emissions.
Within the 90% confidence interval for total environmental costs, there is a significant range of potential costs. GHGs, and CO 2 in particular, drive this observed variance in total environmental costs. For the conventional system, GHGs contribute 86% of the variance, and 77% for the ECC system. These results show that compared with user costs, environmental costs are small, even when uncertainty is taken into ac- count. However, at the upper limit of the 90% certainty interval environmental costs are equal to about half that of the total agency costs.
Conclusion
This paper describes the development of an integrated LCA-LCCA model and its application to a concrete bridge deck. Two potential bridge decks were evaluated: a conventional mechanical steel expansion joint design and an ECC link slab design. Model results show reduced costs for the ECC link slab design over the 60-year service life while the real discount rate is less than 7.2%. The superior results for the ECC life cycle costs are driven by the repair and rehabilitation schedule, which is based on an approximate doubling of time between repair events over the conventional system. User costs dominate other costs, and comprise more than 90% of total life cycle costs for both systems. Sensitivity analysis of AADT and traffic related costs show that at lower traffic volumes, the dominance of user cost drops to a magnitude where agency and environmental costs play a significant role in the results. By accounting for user costs in this LCCA, a stronger argument for the ECC system can be made. While agency costs are also lower for the ECC system, the savings in avoided user costs are much greater in magnitude and augment the cost advantage of the ECC system. Because of significant uncertainty in damage costs, an uncertainty analysis using Monte Carlo simulation was performed. Results show that total environmental costs are highly correlated with the cost of carbon, and that the range of uncertainty is great. At the upper end of the 90% certainty range, the environmental costs approach about half those of agency costs, which is significant given that conservative damage cost estimates were used, and only air pollutants, and not water effluents, were modeled.
This study highlights the importance of evaluating costs of road infrastructure over time. A short-term perspective would lead to selection of the conventional bridge deck despite the ECC link slab system's life-cycle cost advantage. These results also demonstrate the importance of including user costs in road infrastructure accounting. While the importance of these factors will vary in other applications, this study demonstrates that a LCCA including both time dimensions and costs external to the funding agency can indicate different net benefits for a project than a conventional cost analysis.
Future model development will include enhanced uncertainty modeling, sensitivity analysis to the construction timeline, and incorporation of additional construction event types. In addition, the integrated LCC-LCCA model is being applied to other road infrastructure applications including pavement overlays.
